Previous studies have demonstrated that statins improve neurological outcome and promote neurovascular recovery after ICH. This study is designed to examine whether simvastatin and atorvastatin affect levels of growth factors and activate the Akt signaling pathway during the recovery phase after intracerebral hemorrhage (ICH) in rats. Sixty (60) male Wistar rats were subjected to ICH by stereotactic injection of 100 µL of autologous blood into the striatum and were treated with or without simvastatin or atorvastatin. Neurological functional outcome was evaluated by behavioral tests (mNSS and corner turn test) at different time points after ICH. Brain extracts were utilized for Enzyme-linked immunosorbent assay (ELISA) analyses to measure vascular endothelial growth factor (VEGF); brain-derived neurotrophin factor (BDNF) expression, and nerve growth factor (NGF). Western blot was used to measure the changes in the Akt-mediated signaling pathway. Both the simvastatin-and atorvastatin-treated animals had significant neurological improvement at 2 weeks post-ICH. Simvastatin and atorvastatin treatment increased the expression of BDNF, VEGF and NGF in both lowand high-dose groups at 7 days after ICH (p < 0.05). Phosphorylation of Akt, glycogen synthase kinase-3β (GSK-3β), and cAMP response element-binding proteins (CREB) were also increased at 7 days after statin treatment. These results suggest that the therapeutic effects of statins after experimental ICH may be mediated by the transient induction of BDNF, VEGF and NGF expression and the activation of the Aktmediated signaling pathway.
INTRODUCTION
The statins are a class of medications that lower cholesterol levels by inhibiting the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase enzyme that controls the rate of cholesterol production in the body [1] [2] [3] . Statins are among the most commonly prescribed drugs for patients with heart disease, because they reduce cardiac events in patients with high cholesterol levels and with increased risk for heart disease [1] . Recent experimental investigations indicate that statins also exert several other beneficial effects independent of their cholesterol-reducing properties [3] . In animal models, statins improve neurological recovery after ischemic stroke, traumatic brain injury (TBI), and intracerebral hemorrhage (ICH) [4] [5] [6] [7] .
Brain-derived neurotrophin factors (BDNF), vascular endothelial growth factor (VEGF) and nerve growth factor (NGF) are structurally related polypeptides that have a fundamental role in neuronal and vascular development in the brain at both the embryonic and developmental stages [8] [9] [10] . The beneficial effects of statins after stroke and TBI may be attributed to increased expression of cerebral BDNF and VEGF in the ischemic and injury boundary zone [7, 11, 12] . The therapeutic effects of statin treatments may also be mediated by endothelial NO synthase (eNOS), the phosphatidylinositol-3 kinase (PI3K)/ Akt signaling pathway, upregulated B-cell leukemia/lymphoma 2 (Bcl-2) mRNA and protein expression, and augmented heat shock proteins in the context of brain injury caused by stroke and trauma [7, [13] [14] [15] [16] [17] .
In previous studies performed on ICH animal models we found that atorvastatin and simvastatin, which are initiated from 24 h post-ICH and then sequentially for 7 days at a dose of 2 mg/kg, improve neurological functional outcome and promote neurovascular recovery 4 weeks after ICH [5, 18, 19] . Little is known, however, about the underlying mechanisms that mediate the neurorestorative effects of statins in ICH, but one hypothesis is that similar signal pathways may be utilized after ICH as in brain injury models initiated by stroke and TBI. In this study, we investigated the possible molecular mechanisms of atorvastatin and simvastatin treatment after ICH, and postulate that activation of the PI3K/Akt signaling pathway and expression of VEGF, BDNF and NGF precede neurological recovery in this experimental ICH model. We also examined whether statins administered within the critical first 24 h post-ICH have a therapeutic effect.
MATERIALS AND METHODS

Experimental Model
All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC No. 1061) at Henry Ford Health System. Sixty (60) adult male Wistar rats were subjected to ICH by stereotactic infusion of 100 µL autologous whole blood into the striatal region adjacent to the subventricular zone (SVZ). Sham rats underwent identical surgery excepting whole blood infusion. After the operation, the animals were divided randomly into four groups: 1) sham group (n = 6); 2) saline control group (n = 18)-12 ICH rats received saline orally at 1 day post-ICH and consecutively for 7 days, and six ICH rats received saline orally at 3 and 24 h after ICH; 3) simvastatin-treated group (n = 18)-12 ICH rats received 2 mg/kg simvastatin orally daily at 1 day post-ICH and consecutively for 7 days, and six ICH rats received 20 mg/kg simvastatin orally at 3 and 24 h after ICH; and 4) atorvastatin-treated group (n = 18)-12 ICH rats received 2 mg/kg atorvastatin orally daily at 1 day post-ICH and consecutively for 7 days, and six ICH rats were given 20 mg/kg atorvastatin orally at 3 and 24 h after ICH. Six rats from the low-dose simvastatin-or atorvastatin-treated group and 6 rats from the corresponding saline control group were selected and sacrificed at 14 days after ICH. The other 42 rats were sacrificed at 7 days. The choice of the dose and time points was based on previous published studies [5, 20] .
Neurobehavioral Testing
Functional outcome was assessed using the modified neurological severity score (mNSS) [21] and the corner turn test [22] at 1, 4, 7 and 14 days after injury. The mNSS is used to assess neurological functions by a 0-18 composite score of motor, sensory, balance, and reflex measures, with higher scores implying greater neuronlogical injury. The corner turn test measures long-term functional recovery by counting the number of times that an animal turns toward the non-impaired, ipsilateral (left) side when placed in a corner. The non-injured rat randomly turns equally either left or right.
Enzyme-Linked Immunosorbent Assay
Brain tissues of control and statin-treated animals were obtained from the boundary zone around the hematoma (i.e., bregma -1 mm to 1 mm, border region encompassing the hematoma) at 7 and 14 days after ICH. The samples were homogenized in cold RIPA lysis buffer kept at 4˚C for 10 min and centrifuged for 10 min at 10,000 g at 4˚C. The lysis buffer contains 20 mM Tris pH 7.6, 100 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 1% deoxycholic acid, 10% glycerol, 1 mM EDTA, 1 mM NaVO 3 , 50 mM NaF, and cocktail I of protease inhibitors (Calbiochem, San Diego, CA). The protein concentration of each cleared lysate sample was determined by bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). Using ELISA kits (R&D Systems, Minneapolis, MN), NGF, BDNF, and VEGF protein levels were measured with equal amounts of cleared lysates from brain tissues collected at different time points. ELISA was carried out using the Titertek Multiskan MCC/340 equipment (Labsystems, Helsinki, Finland).
Western Blots
To measure the levels of Akt, GSK3 and CREB, equal amounts of the samples were treated with SDS sample buffer and loaded on 10% or 14% SDS-polyacrylamide gels. The resolved proteins were electro-transferred to a PVDF membrane and incubated for 1 h at room temperature in Blocking Solution [5% nonfat dried milk dissolved in TBST buffer, pH 7.5 (10 mM Tris_HCl_150 mM NaCl_0.1% Tween 20)]. The filters were probed overnight at 4˚C in 1% blocking solution in TBST containing primary antibodies. The primary antibodies were a 1:2000 dilution of the antibody against Akt and phospho-Akt (serine-473), a 1:1000 dilution of the antibody against GSK3β and phospho-GSK3β (serine-9) (Cell Signaling Technology, Beverly, MA), and a 1:1000 dilution of the antibody against β-actin (Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were washed three times with TBST buffer and incubated with secondary antibodies (1:2500; Jackson Immunological Research Laboratory, West Grove, PN) for 1 h, followed by washing four times. Signal detection was performed with an enhanced chemiluminescence kit (Pierce, Rock-ford, IL) and quantitated by using a GS-700.
Statistical Analysis
Statistical analyses of the results of the ELISA and Western blotting between statin-treated and control groups were evaluated using ANOVA techniques. Data are reported as mean ± standard error of the mean (SEM). Statistical significance was inferred at p ≤ 0.05. All measurements were performed by observers blinded to individual treatments.
RESULTS
Statins Improve Functional Recovery
All ICH rats displayed similar and marked neurological impairments compared to the sham-operated groups at day 1 after ICH. No significant differences were found between treatment groups and control group prior to 1 week post-ICH. Improvement of mNSS was significant at 2 weeks post-ICH in the statin-treated groups compared to the control group (Figure 1) . Similarly, cornering scores for the simvastatin-and atorvastatin-treated groups improved significantly at 2 weeks post-ICH compared to the control group ( Figure 1) ; however, the simvastatin group appeared to improve somewhat more than the atorvastatin group, but the amount was not statistically significant. Furthermore, there were no significant differences between the low-dose (2 mg/kg) and high-dose (20 mg/kg) treated groups in both functional tests at 1 week after ICH.
Statins Increase BDNF, VEGF and NGF Expression
To measure how statins may affect the level of growth factors after ICH, the protein levels of BDNF, VEGF and NGF were studied using ELISA at 7 and 14 days after ICH. BDNF, VEGF and NGF levels in statin-treated animals at 7 days post-ICH were significantly enhanced (p < 0.01) when compared to the corresponding control animals (Figure 2) . The low-dose statins given for 7 days showed no significantly different expression levels of these neurotrophic and vascular factors, when compared with the high-dose statins given acutely. Consistent with the results of functional tests, no significant differences in growth factor expression were found between the simvastatin and atorvastatin groups. At 14 days post-ICH, expression levels of BDNF, VEGF and NGF were decreased in the statin-treated animals, and there was no significant difference when compared with the control group (Figure 2 ).
Statins Activate Akt, GSK3, and CREB
To determine the possible mechanism by which statins promote neurological functional recovery PI3K/Akt pathway, one of the most widely studied signal pathways, was analyzed by Western blot analysis. The results revealed that both simvastatin and atorvastatin significantly enhanced the phosphorylation of Akt at day 7 after ICH ( Figure 3) . The phosphorylation of GSK3, the downstream signaling target of the Akt pathway, was increased 2-fold in the lesion boundary area of both statin-treated groups at day 7 after ICH ( Figure 3) . Because one of the downstream targets of Akt is CREB, we further examined the levels of total CREB and phosphorylated CREB in total tissue lysates to confirm that CREB is involved in statin-mediated neurological recovery after ICH. As expected, the level of p-CREB-S133 is also elevated at day 7 after treatment with statins (Figure 3 ). There were no significant differences between the simvastatin-and atorvastatin-treated groups or between acute high-dose treatment and early time period treatment.
DISCUSSION
It has been found that activation of Akt and upregulation of growth factor expression by atorvastatin may contribute to neurologic recovery after experimental ischemic stroke and brain trauma [7, 23] . The expression of growth factors and the activation of the PI3K/Akt signaling pathway by statins in ICH have not been established. In the present study, we demonstrate for the first time that simvastatin and atorvastatin increase BDNF, VEGF and NGF expression, and activate this signaling pathway and improve neurological function in an autologous ICH model. This finding is a significant step toward understanding statins' mechanism of action and the possible benefits of applying them after ICH. BDNF and NGF are two important neurotrophic factors that induce the survival, development, and function of neurons [24] . After cerebral ischemia, BDNF and NGF mRNAs increase in the hippocampal neuron [25] , and treatment with external NGF can ameliorate delayed neuronal death [26] . VEGF promotes angiogenesis and vasculogenesis and stimulates neurogenesis and axonal outgrowth [27, 28] . Treatment of experimental ischemic stroke with atorvastatin reduced neurologic deficits and upregulated VEGF and BDNF and induced angiogenesis, neurogenesis, and synaptic plasticity [12] . Our previous results demonstrate that statins can promote angiogenesis and neuronal plasticity after ICH [5, 19] . We propose that the statin-induced increase of these growth factors may enhance neuronal and synaptic plasticity, which improves functional recovery. Data from the present study support this hypothesis and are also consistent with our observations in trauma and ischemic stroke injury models. The level of growth factors may be related to neurological functional recovery after ICH but temporally may not always be consistent with it. Our study showed that BDNF, NGF and VEGF increased 2-to 3-fold at 7 days post-ICH compared with control and were back to the control level at 14 days post-ICH; however, the significant functional recovery was observed from 14 days. This may suggest that neurorecovery and tissue restoration is initiated by increased expression of growth factors and that a lag time may occur before ultimate functional result is observed.
The PI3K/Akt signaling pathway is commonly activated in diverse cellular processes, including cellular proliferation and survival [29] . This signaling pathway can be activated by neurotrophic factors and has been implicated in the survival of neuronal cells and reduction of neurological disorders [9, 29] . Statins rapidly and effectively promote the activation of Akt by phosphorylation of Akt in vitro and in experimental models of ischemic stroke and TBI [23, 29, 30] . Statin-induced capillary-like tube formation is inhibited by a neutralizing antibody against VEGFR2 and inhibition of PI3K. NGF can protect against oxidative stress in a PI3K-dependent manner [6, 17] . All these observations are consistent with the fact that Akt is expressed at high levels during neurogenesis [31] . In this study we demonstrate for the first time that statins stimulate the PI3K/Akt cascade in the setting of ICH.
GSK-3 is one of the primary downstream targets of PI3K/Akt cell survival pathway [32, 33] . GSK-3 signaling plays a vital role in the proliferation and differentiation of progenitor cells during brain development [34] . CREB is a well-established transcription factor downstream of neurotrophins [35] . CREB is also known to be a major target of PI 3-kinase/Akt/GSK-3 signaling pathway [34] . CREB regulation of neural precursor survival involves expression of BDNF that provides a growth environment for the residential precursor cells after focal cerebral ischemia, ICH and other brain injuries [7, 13] . In parallel, our data show that statins increase phosphorylated Akt, which is associated with the increase of phosphorylated GSK-3. Statins also increase phosphorylation of CREB in the hematoma boundary area after ICH, a phenomenon that suggests transcription activation mediated by the active CREB form; however, it is unknown whether the upregulation of BDNF, NGF and VEGF observed in this study resulted from activation of Akt or was a direct effect of the statins. The phosphorylation of GSK-3 exhibits a temporal pattern similar to that of CREB, whereas the expression of phospho-Akt precedes that of GSK-3. These similar patterns suggest that the phosphorylation of GSK-3 is associated with the phosphorylation of Akt and CREB. GSK-3 inactivation by Akt-induced phosphorylation may enhance CREB transcriptional activity by abrogating the inhibitory effect of GSK-3, thereby mediating the neuroprotective effect of statins.
In our previous study, atorvastatin significantly reduced the extent of neurological injury at a dose of 2 mg/kg/day for 7 days, but not at higher doses (8 mg/kg/day for 7 days) after experimental ICH [5] . Consistent with those results, the 2 mg/kg dose used in this study improved neurological functional recovery. Statins administered at a dose of 20 mg/kg given twice acutely (within 24 h) provided effects similar to that of the low-dose groups. Therefore, high-dose statins are effective in this model if given acutely, but not if administered during the entire first week after ICH (i.e., 8 mg/kg) [5] . No secondary hemorrhage was observed in either group. Although sim-vastatin and atorvastatin are different due to their intrinsic differences in plasma life [36] and permeability across the BBB [37] , with simvastatin having greater lipophilic properties, our study demonstrated that both simvastatin and atorvastatin induced similar growth factor expression and activation of neurological benefits post-ICH.
CONCLUSION
Simvastatin and atorvastatin demonstrate therapeutic potential acutely after treatment of ICH, as seen in this experimental model. These beneficial effects may be partially mediated by induction of BDNF, VEGF and NGF expression, and by activation of the PI3K/Akt signaling pathway.
ACKNOWLEDGEMENTS
Special thanks to Susan MacPhee-Gray for editorial assistance.
